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Abstract 
The closed-loop supply chains that consist of forward and reverse flows require disassembly systems that recycle the end of life assembly 
products. To operate recycling factories economically and environmentally, a disassembly parts selection is often carried out. Igarashi et al. (2014) 
proposed the environmental and economic disassembly parts selection using Recyclability Evaluation Method by Integer Programming with the ε 
constraint method, and Kinoshita et al. (2015) adopted Goal Programming to this bi-objective problem. 
This study adopts the environmental and economic disassembly parts selection using Goal Programming proposed by Kinoshita et al. (2015) 
to cell phone, and validates the design method by analyzing the product example. First, the design procedure among products is explained. Second, 
the method is applied to cell phone in order to analyze the common and different characteristics. Finally, the results are compared to Igarashi et al. 
(2014) and Kinoshita et al. (2015). 
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1. Introduction 
For supply chains [1], sustainability has become an 
important topic in recent years [2], such that closed-loop supply 
chains [3] [4] have been paid closer attention to. A closed-loop 
supply chains involves simultaneous consideration of forward 
and reverse flows, has become an attractive alternative for the 
cost-effective management of reverse logistics operations [4] 
and aims at making operations more sustainable by extracting 
more value from the products [5]. The structured closed-loop 
supply chains consist not only of procurement, production, 
distribution and use, but also of collection, reuse and recycling. 
Disassembly can be defined as the systematic separation of an 
assembly into its components, subassemblies or other 
groupings [6], while recycling is the recovery of materials out 
of scrap from end of life (EOL) products [7]. Thus, the closed-
loop supply chains require disassembly systems that recycle the 
EOL assembly products. 
Each part of EOL products has a recycling rate and cost in 
the disassembly systems [8]. According to Recyclability 
Evaluation Method (REM) developed by Hitachi Ltd [9], the 
recycling cost consists of disassembly cost, disposal cost, sales 
of materials and landfill cost, and depends on types of tasks, 
weight of parts and types of materials. Igarashi et al. (2014) [8] 
propose two-stage optimal design and analysis for the 
disassembly system with an environmental and economic parts 
selection using 0-1 Integer Programming with the ε constraint 
method. To establish environmental but economic recycling, 
disassembly parts selection by the recycling rate and cost 
should be carried out. For this bi-objective optimization, the 
recycling cost is minimized and the recycling rate is maximized 
at the first stage. With regard to the multi-criteria decision 
making problems, Goal Programming [10] is well known as an 
effective way to solve disassembly [11]. Goal Programming 
can set two desired targets for each goal, such as the tolerable 
and sufficient targets, so that a target range is set for each target. 
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Kinoshita et al. (2015) [12] adopt Goal Programming to the 
environmental and economic parts selection by Igarashi et al. 
(2014) [8] and compare between the ε constraint method and 
Goal Programming by using the case of the cleaner. However, 
different trends or features from the case of the cleaner may be 
caused by other products. 
This study applies the environmental and economic 
disassembly parts selection by Goal Programming [12] to the 
cell phone, analyzes features for different types of the electric 
assembly products, and validates the environmental and 
economic disassembly parts selection with Goal Programming 
[12] by comparing the cleaner [8] and the cell phone with the ε 
constraint method and Goal Programming respectively. 
The organization of this paper is as follows: Section 2
explains the procedures of the environmental and economic 
disassembly parts selection with Goal Programming. First, 
disassembly precedence relationships are overviewed, and the 
recycling rate and cost are estimated in a manner similar to that 
used by Igarashi et al. (2014) [8]. Next, the environmental and 
economic disassembly parts selection by Goal Programming is 
formulated. Section 3 explains parameters and sets target 
ranges. Section 4 discusses and analyzes the disassembly parts 
selection results of the cell phone using a bill of materials. 
Section 5 compares between the case of the cleaner [12] and 
cell phone. Finally, Section 6 concludes this study and proposes 
future studies. 
2. Design and formulation of the environmental and 
economic disassembly parts selection using Goal 
Programming 
2.1 Overview and procedure for the environmental and 
economic disassembly parts selection using Goal 
Programming 
 
Figure 1. Overview and procedure for the environmental and economic 
disassembly parts selection including Goal Programming 
 
Figure 1 shows an environmental and economic 
disassembly parts selection procedure using Goal 
Programming proposed in [12]. It applies Goal Programming 
to the environmental and economic disassembly parts selection 
instead of Integer Programming with the ε constraint method at 
Stage 1 in Igarashi et al. (2014) [8]. 
 
Step 1: Estimation of recycling rate and cost using REM 
Similar to Igarashi et al. (2014) [8], several real data from a 
3D-CAD model such as weights, materials and types of 
disassembly works are used to estimate the recycling rate and 
cost by Recyclability Evaluation Method (REM) [9] at Step 1.  
The recycling rate and cost are estimated by using the 3D-
CAD model and Recyclability Evaluation Method (REM) [9]. 
In this study, the recycling rate means a percentage of 
recyclability weights from a whole product weight. 
According to [8], by using a 3D-CAD model, a product 
structure is grasped, and its disassembly precedence 
relationships are created. Based on the product information, 
such as material type and weights for each part in a 3D-CAD 
model, the recycling rate and cost, and disassembly time for 
each part are estimated using the REM [9]. The data obtained 
by the REM [9] are added to a bill of materials (BOM) and also 
described on disassembly precedence relationships. These data 
and task precedence relationships are used for optimization of 
the parts selection. 
The REM [9] is a method and software that estimate 
disassembly times, the recycling rate and the recycling cost—
including disassembly cost, disposal cost, sales of materials 
and landfill cost [9] [12]—by inputting weights, materials, and 
types of disassembly tasks for each part. That is, based on real 
data such as weights, materials and types of disassembly works 
from the 3D-CAD model, the recycling rate and cost are 
estimated by the REM [9]. 
The recycling cost becomes negative, and the price of sales 
of materials is higher than a sum of the disassembly costs, 
disposal costs and landfill cost, which means that a positive 
profit occurred. Also, the recycling cost indicates just a cost 
index, and has no unit. By inputting any cost unit coefficients, 
the cost units can be given. 
 
Step 2: Environmental and economic disassembly parts 
selection using Goal Programming 
Igarashi et al. (2014) [8] formulate the environmental and 
economic disassembly parts selection using the ε constraints 
method at Stage 1. There are two goals: minimizing the 
recycling cost and maximizing the recycling rate. To 
harmonize the two goals, an objective function is set for 
minimizing the recycling cost while a constraint is set for a 
lower limit of the recycling rate as ε. The constraint ε is 
gradually changed in order to examine relationships between 
the recycling rate and cost. 
Kinoshita et al. (2015) [12] applies Goal Programming to this 
environmental economic disassembly parts selection. The 
proposed disassembly parts selection by Goal Programming 
[12] enables and requires that the parameters be set as tolerable 
total recycling cost C0, sufficient total recycling cost Cs, 
tolerable total recycling rate R0, sufficient total recycling rate 
Rs, and as a parameter to weigh the average and the maximum 
of the deviational variable β. One of the reasons is that Goal 
Programming [11] requests to set each range of target goals. In 
order to compare between Kinoshita et al. (2015) [12] and 
Igarashi et al. (2014) [8], the recycling cost target range is set 
from a sum of negative cost parts (= C0) to a sum of positive 
profit parts (= Cs), so that the recycling cost is minimized. In 
contrast to the recycling cost, the recycling rate target range is 
gradually changed. 
 
Step 1 : Estimation of Recycling Rate and Cost using REM
䞉Make disassembly relationships based on a 3D-CAD model
䞉Estimate recycling rate and cost using REM
Step 2 : Environmental and Economic Disassembly Parts Selection by Goal Programming
䞉Set respective recycling rate/cost target ranges
䞉Harmonize recycling rate and cost
Step 3 : Disassembly Precedence Relationships with Environmental and 
Economic Disassembly Parts Selection
䞉Remove disassembly tasks based on results of disassembly parts selection
䞉Update disassembly precedence relationships
164   Yuki Kinoshita et al. /  Procedia CIRP  40 ( 2016 )  162 – 167 
Step 3: Disassembly precedence relationships with 
environmental and economic disassembly parts 
selection 
At step 3, the precedence relationships are updated based on 
the results of the environmental and economic disassembly 
parts selection in a manner similar to that used by Igarashi et al. 
(2014) [8]. Canceled disassembly parts with the non-selective 
are removed from the old precedence relationships. 
2.2 Formulation of disassembly parts selection using Goal 
Programming 
This study expands the environmental and economic 
disassembly parts selection [5] using 0-1 Integer Programming 
with the ε constraint to adopt Goal Programming based on [12].  
A summary of the notations in this study is presented below: 
i : Index for predecessors of part j with task j 
j : Index of parts/tasks (j=1,2,…,N) 
N : Number of parts 
J : Set of parts/tasks 
cj : Recycling cost at part j 
rj : Recycling rate at part j 
Pj : Set of tasks that immediately precede task j at part j 
C : Total recycling cost 
C0 : Tolerable total recycling cost 
Cs : Sufficient total recycling cost 
R : Total recycling rate 
Rmax : Recycling rate when all parts are disassembled 
R0 : Tolerable total recycling rate 
Rs : Sufficient total recycling rate 
xj        : Binary value; 1 if part j is disassembled, else 0 
d+,d- : Deviational variable at Goal Programming 
d : Maximum deviational variable 
β : Parameter to weigh the average and the maximum  
of d 
RE : Recycling efficiency (= R / C) 
 
The recycling efficiency RE [8] is set to find solutions 
harmonizing the total recycling rate R and cost C. One of the 
solutions with higher recycling efficiency RE is chosen as 
recycling rate and cost coexistence. To compare the design 
results among Igarashi et al. (2014) [8], Kinoshita et al. (2015) 
[12] and this study, the recycling efficiency RE is also 
introduced from Igarashi et al. (2014) [8]. 
The environmental and economic disassembly parts 
selection has two objectives: to maximize the recycling rate and 
minimize the recycling cost. According to [12], these objects 
and a whole objective function are formulated as below. 
 
1. The first goal is to minimize total recycling cost. 
The total recycling cost C including disassembly costs, sales 
of materials, disposal costs and landfill cost is under a tolerable 
total recycling cost C0, aiming to reach sufficient total recycling 
cost Cs and obtained as Eq. (1) and (2). The 1d  and 1d  are 
deviational variables that show differences in sufficient cost Cs. 
To minimize 1d , the total recycling cost C tries to reach 
sufficient total recycling cost Cs. (C0 - Cs)  is a coefficient that 
normalizes each goal. The first goal can be formulated as 
follows: 
Goal: minimize 1d  
Subject to: 
 
JjCddCCxcC
ss
N
j
jj   
 
¦ ࠉ))(( 110
1
 (1)
JjCxcC
N
j
jj d ¦
 
ࠉࠉࠉ0
1
  (2) 
 
2. The second goal is to maximize total recycling rate. 
The total recycling rate R is greater than tolerable total 
recycling cost R0, and aims to reach sufficient total recycling 
rate Rs and as obtained in Eq. (3) and (4). Similar to Eq (1), the 
deviation variable 2d , 

2d  and the coefficient (Rs-R0) are set. 
To minimize 2d , the total recycling rate R tries to reach 
sufficient total recycling cost Rs. The second goal can be 
formulated as follows: 
Goal: minimize 2d  
Subject to: 
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Similar to Igarashi et al. (2014) [8], the constraint of 
precedence relationships among disassembly tasks are set as Eq. 
(5) based on Nof et al. (1997) [13]. 
 
JjPixx jij d ,0ࠉࠉࠉ   (5) 
 
Other constraint equations are obtained as Eq. (6) and (7). 
 ^ ` Jjx j  ࠉࠉࠉ1,0   (6) 
0,,, 2211 t dddd    (7) 
 
The whole objective function is obtained as Eq. (8), (9) and 
(10). This study aims to minimize the average of deviational 
variable, which represents the differences of the goal, the total 
recycling rate/cost, and maximum deviational variable d. 
2
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By using the mathematical programming package 
developed by Numerical Optimizer [14], the environmental 
and economic disassembly parts selection is optimized to 
harmonize the recycling rate and cost. 
3. The environmental and economic disassembly parts 
selection by Goal Programming: case of cell phone 
3.1 Problem example 
This section adopts the cell phone [8] to the environmental 
and economic disassembly parts selection by Goal 
Programming. 
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Figure 2. Behaviours of the recycling cost for the recycling rate by comparison 
between Igarashi et al. (2014) [8] and this study: case of the cell phone 
 
The cell phone has originally 12 parts and the whole recycling 
rate and cost are 80.14 [%] (=Rmax) and 89.40.  
Similar to Kinoshita et al.  (2015) [12], the environmental 
and economic disassembly parts selection in this study is 
carried out by minimizing the recycling cost under the 
recycling rate of 3 patterns as follows: 
 
Pattern 1) All ranges from 0% to 100% (R0=0, Rs=Rmax)  
Pattern 2) Division into 3 areas from 0% to 33% (R0=0,  
Rs=Rmax×33%), from 33% to 66% (R0= Rmax×33%, 
Rs=Rmax×66%) and from 66% to 100% (R0= 
Rmax×66%, Rs=Rmax),  
Pattern 3) Changing in steps of 10% from 0 % to 10% (R0=  
0, Rs=Rmax×10%), from 10 % to 20% (R0= 
Rmax×10%, Rs=Rmax×20%), … , from 90 % to 
100% (R0= Rmax×90%, Rs=Rmax), from 100% to 
100% (R0= Rmax, Rs=Rmax).  
 
Also, β is a parameter to weigh the average and the 
maximum of 1d  and 

2d . In this study, β is set as 0.5 to 
minimize the average and the maximum deviation at the same 
time. 
3.2 Design example of environmental and economic parts 
selection by Goal Programming: case of cell phone 
In this section, a design example of the environmental and 
economic disassembly parts selection by Goal Programming is 
shown using the case of the cell phone [8] with 12 parts. 
Figure 2 shows the behaviors of the recycling cost for the 
recycling rate by comparison between Igarashi et al. (2014) [8] 
and this study in the case of the cell phone. In Figure 2, these 
marks “□”, “○”, “ ' ”, “×” mean as bellow: 
 
□ Pattern 1) all ranges 
○ Pattern 2) division into 3 areas 
'  Pattern 3) changing in steps of 10% 
× Igarashi et al. (2014) by ε constraint 
At the target range from 10% to 20%, from 20% to 30%, 
from 30% to 40%, from 40% to 50% and from 50% to 60% for 
the pattern 3) changing in steps of 10%, the same solution is 
found in these ranges. Also, at the target ranges from 60% to 
70%, from 70% to 80% and from 80% to 90%, the same 
solution is found. Therefore, only four solutions are found in 
the pattern 3) changing in steps of 10%, whatever the eleven 
recycling rate target ranges set in the changing in steps of 10%. 
To identify the causes of this, the selected parts at the 
recycling rate target range from 10% to 20%, and from 60% to 
70%, which have the same solution to the other target ranges, 
are analyzed in detail in the following Section 4. 
4. Analysis of disassembly parts selection and harmonized 
solution: case of cell phone 
4.1 Analysis of disassembly parts selection using BOM 
(1) Positive profit for the whole product 
Table 1 shows the bill of materials (BOM) with the parts 
selection in the case of the cell phone. Some circles “○” in 
Table 1 mean that the parts are selected as the disassembly parts, 
while “×” means the cancelled parts. The negative recycling 
cost, which means the positive profit, can be given if the part 
#4 board is selected as the disassembly part. One of the reasons 
is that the part #4 board has the highest recycling rate at 42.07, 
but the lowest recycling cost at -38.78.  
 
(2) Combination of the highest and lowest recycling cost parts 
At the target range of the recycling rate from 10% to 20%, 
the part #1 battery cover, #2 battery, #3 back case and #4 board 
are selected, so that the total recycling cost C becomes 6.95. On 
the other hand, the part #3 back case has the lowest recycling 
rate R=0.49 and the highest recycling cost C=36.51. However, 
at target range from 10% to 20%, the total recycling cost C 
consisted by four parts such as #1 battery cover, #2 battery, #3 
back case and #4 board is lower than that of the single part #3 
back case. One of the reasons is that the part #4 board, which 
has the highest recycling rate and the negative recycling cost 
(the positive profit), is also selected in the solutions where the 
target ranges in the recycling rate are from 10% to 20%.  
Since the respective recycling cost between the part #3 back 
case and #4 board are 36.51 and -38.78, the sum of recycling 
cost between #3 back case and #4 board is -2.27. Therefore, the 
recycling rate can increase by decreasing the recycling cost and 
by selecting the part #3 back case and #4 board at the same time.  
 
(3) The same solution to the other target ranges 
At the target range from 10% to 20%, the total recycling rate 
R is 51.62, and reaches the sufficient level recycling rate Rs 
48.08 at target range from 50% to 60%.  
Hence, the same solution is found at target ranges from 10% 
to 20%, from 20% to 30%, from 30% to 40%, from 40% to 
50% and from 50% to 60% for the pattern 3) changing in steps 
of 10%. The similar behaviors are observed the target range 
from 0% to 33% and from 33% to 66%. 
At the target range of the recycling rate from 60% to 70%, 
the part #1 battery cover, #2 battery, #3 back case, #4 board and 
#9 junction are selected. The part #9 junction has the second 
highest recycling rate but the second lowest recycling rate. 
Since the selected parts at the target range from 10% to 20% 
and additionally the part #9 junction are chosen, the total 
recycling rate R becomes 75.02 and reaches the sufficient 
recycling level Rs such as 72.13 at target range from 80% to 
90%. This causes the same solution found among the target 
ranges from 60% to 70%, from 70% to 80% and from 80% to 
90% for the pattern 3) changing in steps of 10%. 
 
(4) Comparison to 3 patterns with Goal Programming 
In this study, there are three different solutions found at 
pattern 1) all ranges and pattern 2) division into 3 areas, and the  
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recycling rate and cost of each solution is higher than 50% and 
lower than 20, respectively.  
On the other hand, at pattern 3) changing in steps of 10%, 
the only four different solutions are found though the eleven 
different target ranges are set. In addition, three of the four 
solutions at pattern 3) changing in steps of 10% are the same as 
the resulted solutions at pattern 1) all ranges and pattern 2) 
division into 3 areas. Therefore, it seems that usage of the 
pattern 1) all ranges and pattern 2) are enough to set as the 
target ranges. 
4.2 Analysis of the harmonized recycling rate and cost by 
comparison with Igarashi et al. (2014) [8]. 
Table 2 shows the parameters and the results of the 
environmental and economic disassembly parts selection by 
Goal Programming. The recycling cost target range is set from 
a sum of negative cost parts (= C0) to a sum of positive profit 
parts (= Cs), so that the recycling cost is constrained and 
minimized. In contrast, the recycling rate target ranges are 
changed as shown in three patterns at Section 3.1. At first, it 
identifies the input parameters for Goal Programming such as 
the tolerable recycling rate R0 and the sufficient recycling rate 
Rs at each target range of the recycling rate. Next, the results 
are shown as number of parts, the total recycling rate R [%], the 
total recycling cost C and the recycling efficiency RE. Finally, 
in order to compare the ε constraint method [8], the results in 
[8] are also shown in the Table 2. 
At pattern 1) all ranges, the recycling rate, cost and 
efficiency RE are 75.02%, 10.51, and 7.14, respectively. Hence, 
and the solution is not the same as in scenario 4) recycling rate 
and cost coexistence in Igarashi et al. (2014) [8]. On the other 
hand, at the target range from 0% to 33%, and from 33% to 
66% in pattern 2) division into 3 areas, the recycling rate, cost 
and efficiency are 51.62%, 6.95 and 7.43, respectively, which 
is the same as in scenario 4) recycling rate and cost coexistence 
in Igarashi et al. (2014) [8].  
The recycling rate of the solution at pattern 1) all ranges is 
by 23.04% higher than at the target range from 0% to33% and 
33% to 66% in pattern 2) division into 3 areas; nevertheless the 
recycling cost is only 3.56 higher. Therefore, the recycling 
efficiency RE is only 0.29 lower than the solution from 33% to 
66% in pattern 2) division into 3 areas. 
Igarashi et al. (2014) [8] decide the solution at scenario 4) 
recycling rate and cost coexistence by considering the maximal 
recycling efficiency RE. Therefore, by considering the whole 
recycling rate, cost and efficiency, the solution at pattern 1) all 
ranges by Goal Programming is suitable for harmonizing the 
recycling rate and cost. 
5. Comparison analysis by product types: cases of the cell 
phone vs. the cleaner 
Kinoshita et al. (2015) [12] adopt Goal Programming to the 
environmental and economic parts selection by Igarashi et al. 
(2014) [8], and find the same solution with the lower 
computational efforts as scenario 4) recycling rate and cost 
coexistence in Igarashi et al. (2014) [8]. 
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Table 2. Results of recycling rate and cost: case of cell phone 
 
 
In this study, the solution at pattern 1) all ranges is not the 
same as scenario 4) the recycling rate and cost coexistence in 
Igarashi et al. (2014) [8], but is more suitable for harmonizing 
the recycling rate and cost. At pattern 2) division into 3 areas, 
the recycling rate is gradually increased by keeping the lower 
recycling cost at 6.95 and 14.41, which are the respective 
recycling cost in pattern 2) division into 3 areas. The general 
behaviors and the relationships between the recycling rate and 
cost are observed as shown in Figure 2. On the other hand, 
some solutions at pattern 3) changing in steps of 10% have the 
same solution to pattern 1) all ranges and pattern 2) division 
into 3 areas. 
Based on Kinoshita et al. (2015) [12] and this study 
throughout the cases of cleaner and cell phone, the pattern 1) 
all ranges had an effective solution to harmonize the recycling 
rate and cost in the experiments. Also, the pattern 2) division 
into 3 areas could suggest multiple alternative solutions, which 
had the different total recycling rate R and cost C by comparing 
to pattern 1) all ranges, for the decision-maker. However, the 
pattern 3) changing in steps of 10% would not be necessary 
because the same or better solutions were found in the patterns 
1) all ranges and 2) division into 3 areas. 
Conclusions 
This study focused on EOL assembly products and 
disassembly parts selection in terms of recycling rate and cost, 
discussed differences of results between the ε constraint 
method [8] and Goal Programming, and between the case of 
the cleaner [12] and the cell phone, and validated the method 
with Goal Programming proposed by Kinoshita et al. (2015) 
[12]. 
Future studies should adopt the method to other assembly 
products and consider not only the recycling rate and cost but 
also the CO2 emissions and use real data, such as the 
disassembly time and cost. 
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Parameters
Target ranges of the
recycling rate [%]
Tolerable total
recycling rate
R0  [%]
Sufficient total
recycling rate
Rs [%]
Number of
selecrted
parts
Recycling
rate [%]
Recycling
cost index
Recycling
efficiency
RE
The minimum recycling
rate [%]
Number of
selecrted
parts
Recycling
rate [%]
Recycling
cost index
Recycling
efficiency
RE
Pattern 1: All ranges 0~100% 0.00 80.14 5 75.02 10.51 7.14 - - - - -
0~33% 0.00 26.71 4 51.62 6.95 7.43 - - - - -
33%~66% 26.71 53.43 4 51.62 6.95 7.43 - - - - -
66%~100% 53.43 80.14 6 77.63 14.41 5.39 - - - - -
10%~20% 8.01 16.03 4 51.62 6.95 7.43 10% - - - -
20%~30% 16.03 24.04 4 51.62 6.95 7.43 20% - - - -
30%~40% 24.04 32.06 4 51.62 6.95 7.43 30% - - - -
40%~50% 32.06 40.07 4 51.62 6.95 7.43 40% - - - -
50%~60% 40.07 48.08 4 51.62 6.95 7.43 50% 4 51.62 6.95 7.43
60%~70% 48.08 56.10 5 75.02 10.51 7.14 60% - - - -
70%~80% 56.10 64.11 5 75.02 10.51 7.14 70% 5 75.02 10.51 7.14
80%~90% 64.11 72.13 5 75.02 10.51 7.14 80% - - - -
90%~100% 72.13 80.14 6 77.63 14.41 5.39 90% - - - -
100% 80.14 80.14 12 80.14 76.27 1.05 max - - - -
- - 12 80.14 76.27 1.05 All parts disassemblied 12 80.14 76.27 1.05
Igarashi et al. (2014)
Results
Pattern 3: Changing
in steps of 10%
All parts disassemblied
This study
Patterns
Prameters Results
Pattern 2: Division
into 3 areas
